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pusher l a y e r homogenizes p r o f i l e of nonuniform p r e s s u r e which i s o r i g i n a t e d by a nonuniform d e p o s i t i o n of d r i v e r energy, i f t h e pusher temperature exceeds 1 keV, s o t h a t t h e d r i v e r i n t e n s i t y exceeds 105 w/cm2 . With lower d r i v e r i n t e n s i t y , e f f e c t s of nonuniform pusher p r e s s u r e must be decreased by t h e t a r g e t s t r u c t u r e .
-INTRODUCTION
In o r d e r t o e x t r a c t p r a t i c a l amount of f u s i o n energy from deterium t r i t i u m ( D T ) f u e l i n t a r g e t f o r i n e r t i a l confinement f u s i o n ( I C F ) , mass of DT f u e l is required t o be about 20 mg, and f u e l is compressed 30 more than 1000 times t h e s o l i d d e n i s t y i n o r d e r t h a t t h e f u s i o n parameter P R exceeds 4 g/cm and f u e l i s heated t o more than ion temperature of T=4 keV. To compress f u e l t o such a high d e n s i t y is one of t h e mqyt d i f f i c u l t s u b j e c t s t o be r e a l i z e d i n ICF, and t h e f u e l pressure must reach a t l e a s t p =lo Pa. This high p r e s s u r e a t t h e c e n t r a l p a r t of f u e l can be r e a l i z e d by compression of & e l i n supersonic converging nozzle.
Equations of. s t a t e f o r ion and e l e c t r o n ( e s p e c i a l l y degeneracy of e l e c t r o n ) w i l l a f f e c t much f u e l compression. Section 2 i s devoted t o d e s c r i b e t h e s e phenomena. Pusher p r e s s u r e becomes inhomogeneous owing t o t h e f i n i t e number of d r i v e r beams, f l u c t u a t i o n of beam energy among beam modules, inhomogeneous d i s t r i b u t i o n of i n t e n s i t y i n one beam, i n s t a b i l i t y o r n o n l i n e a r i t y of beam-plasma i n t e r a c t i o n and s o on. Since nonuniform implosion of f u e l is caused by nonuniform pusher pressure and i t decreases s i g n i f i c a n t l y f u e l compression, i t is r e q u i r e d t o keep nonuniformity of pusher p r e s s u r e l e s s than 2%. R a d i a t i v e energy t r a n s p o r t i n pusher l a y e r w i l l play a r o l e on smothing pressure. In t h e c a s e i n d i e c t d r i v e of l a s e r fusion by using a s h o r t p u l s e , a l a s e r i n t e n s i t y of more than 10 5 f5 W/cm leads us t o a high pusher temperature of o r d e r o f 1 keV. Under t h i s circumstance, pusher pressure can be homogenized by r a d i a t i v e energy t r a n s f e r . In t h e c a s e of p a r t i c l e beam f u s i o n , such a high i n t e n s i t y of energy d r i v e r can not be expected t o be r e a l i z e d , and f l u c t u a t i o n of beam-energy d e p o s i t i o n i n pusher l a y e r may happen t o exceed 10%. Under t h e s e circumstances, uniform implosion is expected t o be performed by improving t a r g e t s t r u c t u r e .
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1988723 F i g u r e 1 shows t h e phase diagram o f DT f u e l i n n-T p l a n e / I / , where n is t h e number d e n s i t y and T is t h e t e m p e r a t u r e .
I n t h e f i g u r e , t h e p o i n t P r e f e r s t h e s t a r t i n g c o n d i t i o n o f f u e l f o r ICF and t h e p o i n t Q r e f e r s t h e f i n a l c o n d i t i o n . A t t h e p o i n t P , f u e l i s i n s o l i d s t a t e .
A f t e r a c c e l e r a t i o n o f f u e l by p u s h e r p r e s s u r e , f u e l t e m p e r a t u r e i n c r e a s e s and f u e l becomes plasma.
When plasma d e n s i t y is high and plasma temper a t u r e is low, e l e c t r o n i n t h e plasma i s d e g e n e r a t e d .
F i g u r e 2 shows plasma p r e s s u r e p v e r s u s plasma temp r a t u r 5 T f o r t h e s o l i d
Under t h e t e m p e r a t u r e ' of T=10 K , plasma p r e s s u r e bocomes c o n s t a n t because o f e l e c t r o n degen e r a c y .
E l e c t r o n degeneracy d e c r e a s e s f u e l compression. A t t h e f i n a l s t a g e of i m p l o s i o n , plasma Q f f u e ? compression is t a k e ? i n t o a c c o u n t i n subs o n i c r e g i o n where flow-chocking o c c u r s , t h e f i n a l d e n ' s t y of deg n e r a t d f u e l a r r i v e g a t h p=3.51x10 P =6.67x10g kg/m9 a t r=l.OxlO m. Through €$el i m p l o s i o n , f i r s t t h e p u s h e r p r e s s u r e c r e a t e s implosion v e l o c i t y of f u e l t o g e t h e r w i t h a p a r t o f p u s h e r , and n e x t s u p e r s o n i c f l o w i n c o n v e r g i n g n o z z l e i nc r e a s e s p r e s s u r e and d e n s i t y o f f u e l t h r o u g h t o c r e a t e h i g h p r e s s u r e and hence h i g h d e n s i t y o f f u e l i n ICF i n s p i t e o f much s m a l l e r p u s h e r p r e s s u r e . d e n s i t y is r e q u e s t e d t o b e more t h a n 1000 -t i m e s t h e s o l i d d e n s i t y and plasma temper a t u r e is more t h a n 4 keV.
hen f u e l p r e s s u r e r e a c h e s a t l e a s t p =lo I?
e o t h e r hand, i f i n t e n s i t y o f 10"-W/cm o f d r i v e r beam a r e launched t o a t a r g e t , and d e p o s i t s its e n e r g y i n p u s h e r l f t 3 e r , p u s h e r p r e s s u r e i n c r e a s e s r a p i d l y t o 1 0 Pa. T h i s -h i g h p r e s s u r e a c c e l e r a t e s f u e l (whose mass is 20 mg) toward t a e t c n t e r w i t h t h e a c c e l e r a t i o n o f a=7x10
'' and i m p l o s i o n -v e l o c i t y a r r i v e s st u=3x;L* m / s a f t e r 5 n s (4.5x10-' mm t r a n s i t i o n ) .
. 6 6 x 1~~~
I f we c o n s i d e r t h a t t h e f y l w i t h t h e t h e r e a l s i t u a t i o n , e l e c t r o n . i n t h e f u e l n = a . s x~o~~ /m3.
plasma is d e g e n e r a t e d .
I f e l e c t r o n degen e r a c y is t a k e n i n t o a c c o u n t , t h e f u e l v e l o c i t y of 3 x 1 0~ m / s c o r r e s p o n d s t o t h e Mach number o f M712.8. I n t h i s way, t h e flow p r o p e r t y of f u e l is c o m p l e t e l y changed by c o n s i d e r i n g r e a l e q u a t i o n o f s t a t e f o r f u e l .
F i g u r e 3 shows a p a r t o f t a r g e t .
Fuel motion c o r r e s p o n d s t o s u p e r s o n i c flow i n a c o n v e r g i n g n o z z l e / 3 / . The d e n s i t y P-a t t h e s o n i c s e c t i o n is r e l a t e d t o t h e Mach number M , t h r o u g h When one-shell ( t h r e e l a y e r ) c r y o g e n i c hollow t a r g e t i s used f o r f u e l compression, nonuniformity from s p h e r i c a l symmetry c a u s e s t h e d e c r e a s e i n f u e l compression.
I t is r e q u i r e d t h a t nonunifromity must be i n l e s s t h a n 2% i n o r d e r n o t t o r e d u c e f u e l compression and hence f u s i o n o u t p u t from a t a r g e t .
One o f s e v e r e c a u s e s f o r nonuniformity is nonuniform d e p o s i t i o n o f d r i v e r energy i n p u s h e r l a y e r . One way t o e x t i n g u i s h nonuniformity is t o d e p o s i t d r i v e r enFrgy uni'formly i n pusher l a y e r .
I n t h e c a s e o f d i r e c t l a s e r f u s i o n , inhomogeneity o f energy d e p o s i t i o n o n t a r g e t s u r f a c e seems t o exceed 2%. I n t h e c a s e of l i g h t i o n beam ( L I B ) f u s i o n , a t h e o r y p r e d i c t s t h a t f l u c t u a t i o n o f energy d e p o s i t i o n can be s u p p r e s s e d t o 2%, i f number of beams i s more t h a n 1 2 / 4 / .
I n r e a l s i t u a t i o n , f l u c t u a t i o n o f beam energy among modules o r among s h o t s , f l u c t u a t i o n i n energy d i s t r i b u t i o n i n a beam c r o s s -s e c t i o n , f l u c t u a t i o n o f i n c i d e n t a n g l e s o f b e a m -p a r t i c l e s t o t a r g e t s u r f a c e i n c l u d i n g e f f e c t o f t a r g e t c u r v a t u r e , f l u c t u a t i o n of r a d i i o f p r o p a g a t i n g beams, f l u c t u a t i o n of t a r g e t p o s i t i o n r e l a t i v e t o beam d i r e c t i o n s and s o on produce nonuniform p u s h e r p r e s s u r e whose nonuniformity w i l l exceed 10%.
Emittance o f heavy i o n beam ( H I B ) is v e r y s m a l l i n comparison w i t h LIB. I f t h e number o f beams i n c r e a s e s p r a c t i c a l l y t o i n f i n i t y o r i n t e n s i t y d i s t r i b u t i o n o f one beam i s a p p r o p r i a t e l y modified a c c o r d i n g t o t h e f i n i t e number o f beams and s p h e r i c a l l y symmetric i r r a d i a t i o n o f t a r g e t is r e a l i z e d , problems w i t h r e s p e c t t o nonuniformity w i l l d i s a p p e a r f o r HIB f u s i o n . I t seems t h a t some s t r u c t u r a l ( o r s y s t e m a t i c ) improvements a r e r e q u i r e d f o r HIB f u s i o n , i f we want t o d i m i n i s h nonuniformity from s p h e r i c a l l y symmetric i r r a d i a t i o n on t a r g e t .

-PRESSURE SMOTHING BY RADIATIVE ENERGY TRANSFER IN PUSHER LAYER I n t h e c a s e t h a t t e m p e r a t u r e o f pusher l a y e r is h i g h , t h e r e is a p o s s i b i l i t y t h a t r a d i a t i o n smoothes o u t t h e t e m p e r a t u r e r i p p l i n g i n pusher l a y e r . When beam energy of 6 M J i s d e p o s i t e d i n pusher l a y e r d u r i n g 30ns i n t a r g e t , t h e pusher t e m p e r a t u r e i n c y $ a s e s r a p i d l y and a r r i v e s a t 9eV a f t e r 5 n s .
The c o r r e s p o n d i n g p u s h e r p r e s s u r e o f p =2.7x10 Pa ( t h e p u s h e r m a t e r i a l is aluminum whose d e n s i t y i s P = 270 kg/m and average i o n i g a t i o n r a t e is A = 4 ) a e l e r t e s t h e f u e l (whose mass is 20 mgi Toward t a r g e t c e n t e r y t h t h e a c c e l e r a t i o n o f pa=6x10ES m / 2 . Thus t h e implosion v e l o c i t y o f f u e l a r r i v e s a t u=3x10 m / s a f t e r 5ns (4.5x\0-lmm t r a n s i t i o n ) . The work on t h e f u e l done by t h e pusher p r e s s u r e p e r second i s 2 . 5~1 0 J and b a l a n c e s w i t h beam-energy d e p o s i t i o n i n t h e pusher l a y e r . Thus t h e pusher t e m p e r a t u r e i s s a t u r a t e d a t a b o u t T = I 0 0 eV, 5 ns a f t e r s t a r t o f beam i r r a d i a t i o n .
With t h e p u s h e r t e m p e r a t u r e o f 100 eV, t h e r g d i a t i o n energy d e n s i t y i n t h e p u s h e r l a y e r is much s m a l l e r t h a n t h e t h e r m a l energy.
According t o a s i m u l a t i o n r e s u l t , r a d i a t i o n energy d e n s i t y i s o f 3x10-l1 t i m e s l e s s t h a n t h e d e p o s i t e d energy of beam a t t h e c e n t r a l pusher r e g i o n ( i n t h e c a s e t h a t atomic number of p u s h e r m a t e r i a l is 2=12 and t e m p e r a t u r e T=40 eV) and o f 2xl0-' t i m e s l e s s ( f o r Z=40, T=40eV). S u r e l y r a d i a t i o n energy d e n s i t y i n c r e a s e s with atomic number Z o f pusher m a t e r i a l , b u t i t is n e g l i g i b l y s m a l l t o smooth o u t t e m p e r a t u r e inhomogeneity i n p u s h e r l a y e r when T=100 eV. When pusher t e m p e r a t u r e r e a c h e s 1 keV, t h e r a d i a t i o n energy d e n s i t y becomes comparable t o t h e t h e r m a l energy and we can expect t h a t temperature w o t h i n g o c c u r s by r a d i a t i o n . The i n t e n s i t y o f d r i v e r beam is t h e n r e q u e s t e d ' t o be 2x10 W , which i s s a t i s f i e d by t h e , beam t o t a l energy of EbqfO MJ and t h e p u l s e width of '=5 ns. I n t h e c a s e o f g l a s s l a s e r , t h e i n t e n s i t y o f 2x10 W w l l l be r e a c h e d , if E =lo MJ can be r e a l i z e d . b I n t h e c a s e of LIB, t o r e a c h t h e c o n d i t i o n of T=5 n s remains u n d e f i n e d . When d r i v e r i n t e n s i t y is very h i g h , shock waves may a p p e a r i n f u e l l a y e r and f u e l i s h e a t e d b e f o r e compression.
To p r o t e c t such a shock h e a t i n g , t a i l o r e d pulse-shape is r e q u i r e d f o r d r i v e r beam.
-GASS-FILLED' TARGET
I n o r d e r t o s u p p r e s s d e f e c t o f nonuniform implosion on f u e l compression, f u e l i s expected t o have e l a s t i c i t y a g a i n s t n o y y i f o r m p u s h e r p r e s s u r e . P r e s s u r e d i f f e r e n c e i n pusher l a y e r , however, i s of o r d e r o f 1 0 Pa and no r e a l m a t e r i a l e x i s t s a g a i n s t such a l a r g e p r e s s u r e d i f f e r e n c e w i t h o u t d i m i n i s h i n g implosion v e l o c i t y .
Thicker f u e l l a y e r w i t h s m a l l e r d e n s i t y o r double l a y e r s o f f u e l d e c r e a s e s t h e d e f e c t by nonuniform p u s h e r p r e s s u r e . ' A t a r g e t which is f i l l e d w i t h D T g a s f u e l i n s i d e p u s h e r l a y e r is of r a t h e r o l d type c o n t r a r y t o hollow s h e l l t a r g e t .
I f t h e c e n t r a l p a r t o f t a r g e t i s v o i d , t h e b a r g e t i s e f f i c i e n t f o r implosion, because no r e s i s t i v e f o r c e a c t s f o r implo on from vacuum.
However, t h e void is $7' f i l l e d r e a l l y w i t h t h e s a t u r a t e d vapor p r e s s u r e of 1 0 Pa surrounded by s o l i d f u e l . L e t us c o n s i d e r t h e c a s e t h a t f u e l mass i s MDT=21. 5mg, t a r g e t -i n n e r -r a d i u s i s r=5.35mm, t h e i n i t i a l f u e l p r e s s u r e is p -3 . 8 8~1 0~ Pa which 1s low enough t o b e compressed. For g a s -f i l l e d ft a r g e t , t h e momentum o f t h e pusher l a y e r toward t h e t a r g e t c e n t e r w i l l be changed t o impulse t o produce h i g h p r e s s u r e . I n t h e i i t i a l s t a g e of implosion o f pushe? l a y e r , whose m a t e r i a l I n s u p e r s o n i c n o z z l e ( s p h e r i c a l targft;)), t h e s o n i c p o i n t a p p e a r s a t r =1.09 mm where t h e p u s h e r p r e s s u r e beco e s p =605p =6.05x10
Pa.
On t h e o t h e r 0 hand, t h e a d s a b a t i c compression l e a d s t o p =6.18x101' Pa % s i d e r =1.09 mm. T h i s means t h a t f f u e l can be compressed enough by h i g h p u s h e r p r e s s u r e which comes %om p u s h e r i m p l o s i o n . The f u e l i n t h e g a s e o u s s t a t e can b e compressed by t h e h i g h p u s h e r p r e s s u r e under even nonuniform implosion.
The e s s e n t i a l p o i n t is t h a t pusher p r e s s u r e does n o t i n c r e a s e under nonuniform i m p l o s i o n .
By u s i n g g a s e o u s f u e l , v i t a l d e f e c t caused by nonuniform energy d e p o s i t i o n is s u r e l y d e c r e a s e d , a l t h o u g h f u s i o n o u t p u t energy from a g a s -f i l l e d t a r g e t becomes s m a l l i n comparison w i t h c r y o g e n i c hollow s h e l l t a r g e t i n s p h e r i c a l i m p l o s i o n .
